A great deal of progress has been made recently toward the goal of direct, selective conversion of CÀH bonds to CÀX bonds (X = N, O, B) utilizing metal-mediated CH activation 1 reactions. 2 Previously we reported that the complex (k 2 -acac-O, O) 2 Ir III (R)(Py) (R = aryl, alkyl, Py = pyridine) can activate a variety of CÀH bonds and in particular is capable of functionalizing arene CÀH bonds by addition of olefins.
' INTRODUCTION
A great deal of progress has been made recently toward the goal of direct, selective conversion of CÀH bonds to CÀX bonds (X = N, O, B) utilizing metal-mediated CH activation 1 reactions. 2 Previously we reported that the complex (k 2 -acac-O, O) 2 Ir III (R)(Py) (R = aryl, alkyl, Py = pyridine) can activate a variety of CÀH bonds and in particular is capable of functionalizing arene CÀH bonds by addition of olefins. 3 Our studies suggest that, in addition to stability, the reduced electron density at the Ir(III) center resulting from the weak σ-donor properties of O-donor ligands could minimize undesired reactions such as β-hydride eliminations by destabilizing binding of the resulting olefins. Interestingly, we have found that, in spite of the reduced electron density at the metal center, the O-donor complexes still undergo facile CH activation by CH coordination followed by CH cleavage. The transition states for CH cleavage reactions involve charge transfer from both filled CH orbitals into empty metal orbitals as well as π back-donation from filled metal d orbitals into empty, antibonding CH orbitals. 4 It is possible that both the weak σ-donor as well as the weak π-donor properties of O-donors could play a role in facilitating both directions of charge transfer in the transition state for CH cleavage.
Acac-O,O complexes are readily synthesized for many other transition metals. 5 Since the (k 2 -acac-O,O) 2 Ir III complexes feature a d 6 octahedral metal center, we considered that the isoelectronic d 6 Os(II) might show better reactivity in CÀH activation reactions as previously predicted in our DFT studies. 6 While examples of intramolecular (chelate-assisted) stoichiometric CH activation 7 with Os are known, there are few examples of stoichiometric, intermolecular CH activation 8 (which typically require in situ generation of Os 0 or Os II intermediates) and, to our knowledge, no reported examples of homogeneous catalysts involving the CH activation reaction that are based on Os complexes. Herein, we report the synthesis of a new cis-(k 2 -acac-O,O) 2 Os IV phenyl complex, cis-(k 2 -acac-O,O) 2 Os(Ph)Cl (cis-Cl-1-Ph), and show that it is competent for both stoichiometric and catalytic intermolecular CH activation of arenes. IV motif) was synthesized in good yields (∼80%) by heating a THF solution of cis-(acac) 2 Os IV Cl 2 and Hg(C 6 H 5 ) 2 at 100°C (Scheme 1). When excess alkylating agent was used, the yields decreased. The reaction was monitored by TLC and the mixture worked up after completion, since incomplete reaction mixtures proved difficult to purify. cis-Cl-1-Ph was characterized by 1 H and 13 C NMR spectroscopy and elemental analysis. The 1 H NMR of cis-Cl-1-Ph is consistent with the formation of an asymmetric complex with cis geometry as two separate methine protons, and four different methyl groups are observed for the two acac-O,O ligands. Interestingly, this complex exhibits dramatic Knight shifting 10 and the aromatic resonances of the phenyl ring are observed over a 50 ppm window: 19.05 ppm (meta), À21.6 ppm (para), and À34.3 ppm (ortho protons). The acac resonances are also shifted, but not as significantly as for phenyl. This shifting is most likely due to delocalized, unpaired electrons.
' RESULTS AND DISCUSSION
11 DFT calculations yield a triplet ground state wave function with a doubly occupied dπ orbital in the plane of the phenyl group and two singly occupied orbitals of primarily dπ character. Mulliken analysis and a spin density plot ( Figure S13 , Supporting Information) show 1.55e of α spin density resides on the osmium center, 0.15e in chloride pπ orbitals, about 0.1e on each of the ortho and para carbons of the phenyl group, and 0.06e of β spin density on each of the ipso and meta carbons.
The triflate complex trans-(acac) 2 Os IV (C 6 H 5 )OTf (transOTf-1-Ph) was synthesized by chloride abstraction with AgOTf. The complex was fully characterized by 1 H and 13 C NMR spectroscopy, mass spectroscopy, elemental analysis, and X-ray crystallography.
1 H NMR of the crude reaction product showed predominantly the cis isomer (kinetic product); however, during workup this isomerized to the trans isomer, which is the thermodynamic product. DFT calculations conclude the trans isomer is favored by ΔG = 7.4 kcal/mol in toluene. Crystals of trans-OTf-1-Ph suitable for X-ray structure analysis ( Figure 1 ) were obtained from CH 2 Cl 2 /pentane at À35°C. Attempts to synthesize Os(III) or Os(II) (acac-O,O) 2 Os(Ph)(L) complexes by reduction of Cl-1-Ph or OTf-1-Ph were unsuccessful and led only to intractable materials.
cis-Cl-1-Ph isomerizes to a mixture of the cis and trans isomers but is thermally stable in benzene. Thus, heating cis-Cl-1-Ph at 140°C in benzene for 43 h showed no decomposition and the cis and trans isomers (cis to trans ratio of 1.56:1) could be recovered in greater than 95% yield.
12 DFT calculations are consistent with this cis and trans ratio and show that the cis isomer is more stable than the trans species by ΔG = 0.2 kcal/mol at 298 K. When cisCl-1-Ph is heated in benzene-d 6 (140°C, 9 h), the only product is the phenyl-d 5 complex (acac) 2 Os IV (C 6 D 5 )(Cl) as a mixture of cis-and trans-Cl-1-Ph-d 5 (eq 1). This suggests that degenerate CH activation of C 6 D 6 with the phenyl complex occurs. Following the reaction using 1 H NMR, we observe that the resonances for the cis phenyl ring disappear slowly over 9 h, while no new phenyl ring is observed for the trans isomer. After 1.5 h, ∼30% of the cis-Cl-1-Ph isomer is converted to cis-and trans-Cl-1-Ph-d 5 .
Having established that Cl-1-Ph is capable of stoichiometric CH activation, we explored if it would catalyze reversible arene CH activation by following the H/D exchange reaction between benzene and toluene-d 8 . We find that Cl-1-Ph is indeed competent for catalytic CÀH activation. Thus, heating a 13.6 mM solution of Cl-1-Ph in benzene/toluene-d 8 (0.1:1 mL) at 140°C led to H/D exchange between benzene and toluene-d 8 . Interestingly, we observed an induction period, with H/D exchange initiating only after ∼5 h. Monitoring the reaction using GC-MS, we observed low levels (<1%) of H/D exchange after 6 h. However, after 16.5 h, 62.7% of the benzene was converted to a mixture of all possible deuterated benzene isotopologues (11.9% C 6 H 5 D, 13.0% C 6 H 4 D 2 , 12.8% C 6 H 3 D 3 , 11.9% C 6 H 2 D 4 , 8.9% C 6 HD 5 , 4.0% C 6 D 6 , TON 13 = 46.7, TOF = 7.9 Â 10 À4 s
À1
). showed no stoichiometric CÀD activation and the unreacted trans complex was recovered after 9 h of reaction. Additionally, no H/D exchange between benzene and toluene-d 8 was observed in the presence of trans-OTf-1-Ph, even after 21 h. One possible explanation for this is that the cis isomer is required for CH activation. As shown above, both cis-and trans-Cl-1-Ph isomers are observed under the reaction conditions and the theoretical calculations show that the Cl isomers are of comparable stability. However, cis-OTf-1-Ph is observed to completely isomerize to trans-OTf-1-Ph during the reaction and calculations show that trans-OTf-1-Ph is more stable than cis-OTf-1-Ph by ∼7 kcal/mol.
Given the observed induction period that complicated detailed kinetic studies and the inability to synthesize well-defined lower oxidation state (acac-O,O)Os motifs, we carried out DFT calculations to further understand the reactivity of this complex and shed light on some of the possible mechanisms for benzene CH activation and catalytic H/D exchange. Several CH activation mechanisms for the conversion of cis-Cl-1-Ph to cis-Cl-1-Ph-d 5 in C 6 D 6 solvent involving coordination of substrate to the Os(IV) center followed by CH cleavage were considered. Consistent with the observation of an induction period from the experimental studies and the possibility that Os(IV) was a precursor rather than the active catalyst, no favorable pathway for CH activation from a Os(IV) species was found by DFT calculations. and the experimental observation that the triflate complex, transOTf-1-Ph is inactive both suggest that a mechanism involving the dissociation of an anion is likely not involved, since such a mechanism is expected to be accelerated by replacing chloride with triflate.
From the DFT calculations we were able to identify a sequence of putative Os III intermediates that yield CH activation barriers consistent with the experimental data. This is shown in Figure 2 and is based on the benzene adduct trans-( Interestingly, after substrate coordination, the calculations show that the CH cleavage proceeds via a transition state that we earlier described as oxidative hydrogen migration (OHM). 6 The basis for assigning this transition state as OHM is that the OsÀD distance in the transition state TS1-D is 1.59 Å, leading to an OsÀD stretching mode at 1649 cm
(2313 cm À1 in the protio case). These indicate a full bond between these two atoms, typical of OHM transition states.
Tilset et al. favor a direct σ-bond metathesis (over sequential insertion and elimination) as the mechanism of hydrogen exchange between benzene and phenyl groups in a Pt(II) diimine cation.
14 The longer Pt 3 3 3 H distance of 1.836 Å determined by DFT 15 for that transition state distinguishes σ-bond metathesis (little metalÀhydrogen bonding) from OHM (hydrogen transit stabilized by a covalent MÀH bond). The unpaired electron in the CH activation transition state TS1 is in a dπ orbital with Δ symmetry with respect to the OsÀH bond axis and a node in the C 3 3 3 H 3 3 3 C plane (see Figure S14 in the Supporting Information). Since it is orthogonal to the CÀOs and CÀH bonds, we consider this oxidative hydrogen migration to be essentially similar to others on Ir(III) 6 and Ru(II). 16 Despite the odd number of electrons, the cleavage is not homolytic activation of the type employed by RhÀporphyrin metalloradicals. Since this transition state constrains two molecules of benzene, we assume entropic effects favor the free energy of the dissociative pathway. The difference in activation enthalpy between CH activation (12.3 kcal/mol) and benzene dissociation (23.0 kcal/mol) suggests that extensive H/D scrambling will take place before the C 6 H 5 D moiety is replaced with solvent (C 6 D 6 ). This is consistent with the predominance of multiply deuterated benzene observed in the benzene/toluene-d 8 exchange reactions, even at low conversion. An overall barrier of 27 kcal/mol for arene H/D exchange (from trans-(C 6 H 6 )-2-Ph to rate-limiting dissociative substitution via cis-2-Ph) is consistent with the observed rate of H/D exchange after the induction period.
The stoichiometric conversion of the Os The only example of H/D exchange with an osmium complex was reported by Esteruelas, 7b in which an Os(PR 3 ) 2 (H) 6 complex was heated in C 6 D 6 or toluene-d 8 and found to incorporate deuterium in the unhindered positions of the cyclometalated pyridyl ligand of OsH 3 (NC 5 H 4 -o-CHdCH)(P i Pr 3 ) 2 , likely through an Os(II) species. In two of the osmium systems known to undergo intermolecular CH activation, the proposed mechanism for CH activation is initiated by reduction of the Os II species to Os 0 , 8d,e and no CH activation is observed unless a reductant is present. We propose a similar situation in our system, in which Os IV is reduced in situ to an Os III complex formed via disproportionation, by reaction of Cl-1-Ph, or through reduction by adventitious impurities in the starting material. The reductive elimination of phenyl chloride from cis-Cl-1-Ph leads to a calculated activation enthalpy of ΔH q = 31.0 kcal/mol (ΔG q = 34.2 kcal/mol), yielding the phenyl chloride adduct (acac) 2 Organometallics ARTICLE Os II (k 2 -Cl-η 2 -C 6 H 5 ) (4) (Scheme 3). This Os II species could comproportionate with a second molecule of Cl-1-Ph to generate the active five-coordinate cis-2-Ph.
18
To further test the possibility that the induction period resulted from the requirement to generate a catalytically active species with an oxidation state lower than Os(IV), we studied the effect of added reductants on the reaction rate. Significantly, we observed that addition of reducing agents (Zn, Na/Hg) or alkylating reagents (HgPh 2 ) eliminates the initiation period. Thus, when zinc dust was introduced, ∼29% of the benzene was converted after 6 h (6.3% C 6 H 5 D, 6.6% C 6 H 4 D 2 , 5.6% C 6 H 3 D 3 , 4.8% C 6 H 2 D 4 , 3.7% C 6 HD 5 , 1.8% C 6 D 6 , TON = 29, TOF = 1.3 Â 10 À3 s À1 ) while, as discussed above, <1% is observed under identical conditions but without added Zn. The time-dependent H/D exchange data (with and without added zinc) is summarized in Figure 3 .
We also found that more powerful reducing agents such as Na/Hg amalgam led to fast but short-lived reactivity (<3 h, 12.2% C 6 H 5 D, 9.6% C 6 H 4 D 2 , 8.5% C 6 H 3 D 3 , 7.7% C 6 H 2 D 4 , 6.0% C 6 HD 5 , 3.0% C 6 D 6 , TON ≈ 135). Na/Hg amalgam is strong enough to reduce the complex down to Os II . 19 However, since the catalyst is not long-lived, it is plausible that the observed, long-lived H/D exchange is due to reversible CH activation with Os III rather than Os II .
' SUMMARY
In conclusion, we have synthesized new cis bis-bidentate acac Os(IV) phenyl complexes, cis-(k ' EXPERIMENTAL SECTION Important Precaution. Diphenylmercury is a dangerous reagent which must be handled with special caution. 20 General Considerations. Unless otherwise noted, all reactions and manipulations were performed using standard Schlenk techniques (argon) or in an MBraun LABmaster 130 glovebox (nitrogen). Ultrahigh-purity argon was used and passed through a column of Drierite. GC-MS analysis was performed on a Shimadzu GC-MS QP5000 (version 2) equipped with a cross-linked methyl silicone gum capillary column (DB5) and GS-gaspro column.
1 H (400 MHz), 3 C (100 MHz), and 19 F NMR (376.5 MHz) spectra were collected on a Varian 400 Mercury plus spectrometer in CDCl 3 unless otherwise noted. Chemical shifts were referenced using residual protiated solvent. All coupling constants are reported in Hz. 19 F NMR chemical shifts were referenced using CFCl 3 . Chemical shifts were assigned on the basis of NOEDIF, g-COSY, g-HSQC, and g-MHBC or CIGAR experiments. Mass spectrometric analyses were performed at the UCR Mass Spectrometry Facility. Elemental analyses were performed by Columbia Analytical Services, Phoenix, AZ. X-ray crystallographic data were collected on a Bruker SMART APEX CCD diffractometer.
Materials. 2,5-Pentanedione and tetraethylammonium chloride (Aldrich) and OsO 4 (Colonial Metals) were used as is. CDCl 3 , C 6 D 6 , and toluene-d 8 were obtained from Cambridge Isotope Laboratories. C 6 D 6 and toluene-d 8 were dried over sodium, vacuum-transferred, and stored under argon. All solvents were reagent grade or better. Ether, benzene, pentane, and dichloromethane were dried and degassed by sparging with argon and then passing through activated alumina using an MBraun MB-SPS solvent purifier system. (NEt 4 ) 2 OsCl 6 was synthesized by the procedure of Gusev.
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X-ray Structure Determination. Diffraction data were collected with graphite-monochromated Mo Kα radiation (λ = 0.710 73 Å). The cell parameters were obtained from the least-squares refinement of the spots (collected 60 frames) using the SMART program. A hemisphere of data was collected up to a resolution of 0.77 Å, and the intensity data were processed using the Saint Plus program. All calculations for the structure determination were carried out using the SHELXTL package (version 5.1). 22 Initial atomic positions were located by direct methods using XS, and the structure was refined by least-squares methods using SHELX. Absorption corrections were applied by using SADABS.
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Calculated hydrogen positions were input and refined in a riding manner along with the attached carbons.
cis-Os(acac) 2 Cl 2 (cis-1Cl 2 ). We followed the procedure of Preetz 6 ] (2 g, 3.01 mmol), 2,5-pentanedione (250 mL), and H 2 O (250 mL) was refluxed in a 1 L flask for 2 h. After it was cooled, the suspension was filtered, and the organic phase was collected. The purple solid (trans-1Cl 2 ) on the frit was washed with MeOH. The aqueous layer was extracted with CH 2 Cl 2 , and then the organic phases were combined and dried over MgSO 4 and the solvent was removed under reduced pressure. The resulting residue was purified by passing through silica gel with CH 2 Cl 2 . trans-1Cl 2 (purple band) elutes first, then cis1Cl 2 (red band) elutes next, followed by Os(acac) 3 cis-Os(acac) 2 (C 6 H 5 )Cl (cis-1Ph). A thick-walled glass Schlenk tube was loaded with cis-Os(acac) 2 Cl 2 (500 mg, 1.09 mmol) and diphenylmercury (463.4 mg, 1.31 mmol) in 30 mL of THF. The red homogeneous solution was heated to 100°C and monitored by TLC; the reaction was complete after 2.5 h. The solvent was then removed under reduced pressure. The resulting residue was then passed through silica gel with CH 2 Cl 2 . The product was then redissolved in CH 2 Cl 2 and reprecipitated with pentane at À25°C. Yield: 432.6 mg (79.3%). 1 Thermolysis of cis-Os(acac) 2 (C 6 H 5 )Cl. A thick-walled glass Schlenk tube was loaded with cis-Os(acac) 2 Cl 2 (7.5 mg, 0.015 mmol) in benzene (7 mL). The red homogeneous solution was heated to 140°C for 43 h. The solvent was then removed under reduced pressure. The resulting residue was redissolved in CDCl 3 and 5 μL of mesitylene was added, and the mixture was then analyzed by 1 H NMR (delay of 60 s). The 1 H NMR spectra showed that the cis-Os(acac) 2 (C 6 H 5 )Cl had isomerized to a mixture of cis-and trans-Os(acac) 2 (C 6 H 5 )Cl (1.56:1)
